Partition function for gaseous CH 4 :
Rotational partition function can be simply described as below: The nuclear and electronic partition functions are both neglected, and the total partition function can be written as below:
Where h is Planck constant, k B is Boltzmann constant, T is temperature, P CH4 is methane pressure, P  is standard pressure, and m is the molecular mass of methane.
According to transition state theory, the rate constant k of dissociative adsorption of gaseous methane can be described as Where refers to the immobile transition state:
Figure S1. The calculated rotational partition of methane by our formula in black line, compared with the reported values in red line. 3
Computational details
We carried out spin-polarized calculations within the DFT framework as implemented in the Vienna ab initio simulation package (VASP). 4 The ion-electron interactions were represented by the projector-augmented wave (PAW) method 5 and the electron exchange-correlation by the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. 6 The Kohn-Sham valence states were expanded in a plane-wave basis set with a cut-off energy of 400 eV. The Ce(5s,5p,6s,4f,5d), O(2s,2p), Pd(4d5s) and C(2s,2p) electrons were treated as valence states. We have used the DFT+U approach, in which U is a Hubbardlike term describing the on-site Coulombic interactions. 7 This approach improves the description of localized states in ceria, where standard LDA and GGA functionals fail. For Ce, a value of U = 4.5 eV was adopted, which was calculated self-consistently by Fabris et al. 8 using the linear response approach of Cococcioni and de Gironcoli 9 and which is within the 3.0-4.5 eV range that provides localization of the electrons left upon oxygen removal from ceria. 10 For the calculations of Pd-doped CeO 2 (111), we used a periodic slab with a (4×4) supercell in which one of the surface Ce atoms was substituted by Pd. The CeO 2 (111) slab model is three Ce-O-Ce layers thick and the vacuum gap was set to 15 Å. The atoms in the bottom layer was frozen to their bulk position and only the top two Ce-O-Ce layers were allowed to relax. The bulk lattice constant (5.49 Å) as previously calculated using the PBE+U (U = 4.5 eV) functional was used. 11 For the Brillouin zone integration, a Monkhorst-Pack 1×1×1 mesh was used. The climbing image nudged-elastic band (CI-NEB) algorithm 12-13 was used to identify the transition states for the surface reorganization induced by the Pd dopant, for relevant CH 4 activation on selected models and for the CO oixdaiton.
Ab initio thermodynamics
We used the ab initio thermodynamics approach of Reuter and Scheffler to assess the relative stability of various Pd-doped states in ceira as a function of oxygen pressure and temperature. 14 The free energy of Pd-doped surface states is determined as follows:
where E − and E − − O are the electronic ground state energies of the Pd-doped CeO 2 (111) and the Pd-doped CeO 2 (111) after removing n oxygen atoms, respectively, E 2 the electronic ground state energy of gaseous O 2 , and 2 ( , ) the chemical potential of gaseous O 2 . The chemical potential of gaseous oxygen can be correlated to the thermodynamic state in the following manner:
where the enthalpy 2 ( , ) and entropy 2 ( , ) of gaseous O 2 were obtained from the standard thermodynamic tables. 15 The entropy of the solids is neglected. It would require a significant number of calculations to determine which O atoms are first removed before the O atoms attached to Pd are removed. This is clearly beyond the scope of our work. c.
Additionally structural information
We can however try to simplify this question and assume that at least the O atom closest to Pd should be removed and we can easily see that the associated energy is at least 2.86 eV. Likely, this value becomes higher when other O atoms are removed first. Then the Pd atom will be reduced and can migrate on the surface to form metallic Pd clusters. We indicated the formation of clustered Pd in the Figure 2 . d.
Notably, we considered here formation of Pd metal nanoparticles and not of PdO overlayers. The reason is as follows. Migration of embedded PdO species is very difficult. We used the PdO(101) termination to compute whether a Pd atom from ceria would migrate to a ceria-supported Pd oxide phase. To this end, we compared the energy to place a Pd atom in a Pd vacancy of PdO(101) with respect to bulk Pd. Two different Pd vacancies exist in PdO(101) with energies of -0.59 eV and -1.68 eV. Notably, Pd is much more stable in the Ce vacancy of the ceria surface (-3.62 eV). We can alternatively argue that once the O atoms bound to Pd are removed, the Pd atom will be reduced and it can move to the surface. In this case, there is a large tendency towards Pd sintering as recently shown in Chem. Mater. 2017, DOI: 10.1021/acs.chemmater.7b03555. Taken together, it implies that the Pd atom embedded in the ceria resists clustering into PdO nanoparticles on ceria top surface. If reduction occurs, this can only occur at very high temperature. In this case, we predict that Pd metal will be stable as it has been reported that above 850⁰C in an oxygen atmosphere Pd is present in the metallic form in Pd/CeO 2 (Science, 2012, 337, 713-717). 
Microkinetics simulations:
The calculated activation energies are applied to compute the forward and backward rate constants for CO oxidation. For surface reactions, the rate constants for the forward and backward elementary reaction were determined by the Eyring equation 17 
Where k is the reaction rate constant in s -1 ; k b , T, h and E a are the Boltzmann constant, temperature, Planck's constant and the activation barrier, respectively. Q TS and Q refer the partition functions of the transition and ground states, respectively. As an approximation, the pre-factor
is set to 10 13 s -1 for all the elementary surface reactions.
For non-activated molecular adsorption, the rate of adsorption is determined by the rate of surface impingement of gasphase molecules. The flux of incident molecules is given by Hertz-Knudsen equation 18 :
Therefore, the molecular adsorption rate constant can be written as:
Where P is the partial pressure of the adsorbate in the gas phase, A' is the surface area of the adsorption site, m is the mass of the adsorbate, and S is the sticking coefficient.
For the desorption process, it is assumed that there are three rotational degrees of freedom and two translational degrees of freedom in the transition state. Accordingly, the rate of desorption is given by
where σ and θ are the symmetry number and the characteristic temperature for rotation of gaseous CO 2 , respectively. E des is the desorption energy of CO 2 molecules.
The approach to microkinetic simulations has been presented in detail elsewhere. [19] [20] Differential equations for all the surface reaction intermediates were constructed using the rate constants and the set of elementary reaction steps. For each of the M components in the kinetic network, a single differential equation is obtained in the form as below: The CO oxidation rate is calculated by the in-house developed MKMCXX program. [19] [20] [21] Steady-state coverages were calculated by integrating the ordinary differential equations in time until the changes in the surface coverages were very small. Because chemical systems typically give rise to stiff sets of ODEs, we have used the backward differentiation formula method for the time integration. 20 The rates of the individual elementary reaction steps can be obtained based on the calculated steady-state surface coverages. In our simulations, the gas phase contained a mixture of C O and O 2 in 2:1 molar ratio at a total pressure of 1 atm, and T = 300 K.
The elementary reaction steps that contribute to the rate control over the overall reaction can be determined by degree of rate control (DRC) concept introduced by Campbell where k i, K i and r are the rate constants, the equilibrium constant for step i and the reaction rate, respectively. Furthermore, the DRC coefficients have to obey the sum rule over all steps i in the mechanism in such a way that 23 Figure S11. DRC of these three CO oxidation cycles corresponding to Figure S4 -S6, respectively. The results demonstrate that the rate-controlling step of these three cycles is the O 2 dissociation, the O 2 dissociation and the second CO oxidation at 300 K, respectively. The MKM-determined total rate of CO 2 production is 8.88×10 -16 , 5.09×10 -13 , and 2.45×10 -6 s -1 /site, respectively.
